A magnetic fluid (MF) seal enables mechanical contact-free rotation of the shaft and hence has excellent durability. The mechanism and a new MF with a higher magnetization of 47.9 kA/m. The sealing performance of the MF seal installed in a rotary blood pump was studied. The seal was perfect against a pressure of 150 mmHg in a continuous flow of 4.0 L/min for 275 days and against a pressure of 175 mmHg in a continuous flow of 3.9 L/min for 217 days. We have developed a MF seal that works in liquid against pressure mostly used clinically. The magnetic fluid seal is promising as a shaft seal for rotary blood pumps.
Introduction
An impeller in a rotary blood pump is driven by various methods, including direct drive, magnetic coupling, magnetic suspension and hydrodynamic pressure suspension. A direct drive system connects an impeller to a motor directly. Although it is a simple mechanism and high efficiency can be expected, it requires a shaft seal at the boundary between a blood chamber and a motor. The shaft seal is the most common place of thrombus formation and hemolysis. Also, life expectancy of a conventional mechanical seal is much shorter than that required for longterm usage.
To overcome these problems, we have proposed the use of a magnetic fluid seal at the blood chamber-motor interface of the rotary blood pump. A magnetic fluid seal enables mechanical contact-free rotation of the shaft without frictional heat and material wear and hence has excellent durability. However, the life of a magnetic fluid seal has been reported to decrease in liquids. To the best of our knowledge, the maximum durability of a magnetic fluid seal installed in a rotary blood pump is only 2 days [1] . It has been reported that the reason for the short life is the interface instability of the two liquids [2, 3] . Also, sealing pressure is relatively low compared with that of a mechanical seal. To solve these problems, we have developed a new magnetic fluid with higher saturated magnetization and have also modified the seal structure with a shield to minimize the influence of the rotary pump on the magnetic fluid. The purpose of this study was to investigate the sealing performance of the new magnetic fluid seal installed in rotary blood pumps (Figure 1) . 
Methods
Long-term durability of the magnetic fluid seal installed in a centrifugal blood pump was tested. The centrifugal blood pump with an impeller of 27mm in diameter was manufactured for this study. The pump was connected to a reservoir through a flow meter (BFASY157, TOFLO Corp., Tokyo, Japan) with polyvinyl chloride (PVC) tubes. The pressure difference across the pump was varied by changing occlusion of the outflow PVC tube. Inlet and outlet pressures of the pump were measured with pressure sensors (P23XL, Becton Dickinson, Franklin Lakes, NJ, USA). Distilled water was used as a working fluid.
In the experiments to examine long-term durability, pumps with the Seal A, B and C were used. Pump flow was maintained at about 4 L/min with outlet pressure of 160 to 175 mmHg. The tests were continued until seal failure. Seal failure was detected by water leak through a leak hole behind the seal.
Results
The results are shown in Table 1 . In the pumps with the Seal A, the magnetic fluid seal failed after 11 days and 6 days. The Seal B showed better results (20 days and 73 days), although the Seal B had the same structure as the Seal A, but the seal was installed at one mm below liquid level. T (Seal C) showed long-term durability. The magnetic fluid seal remained in perfect condition for 275 days and 217 days.
Discussion
As shown in other studies [1] , the life of a conventional magnetic fluid seal (Seal A) installed in a rotary blood pump was short (11 days and 6 days). However, the life of the magnetic fluid seal installed at one mm below water level (Seal B) was prolonged to several 10 days. Moreover the life of the seal with a shield (Seal C) increased dramatically compared with the life of a seal without a shield, as shown in Table 1 . The magnetic fluid seal with a shield worked perfectly in a continuous flow condition for 275 days and 217 days. The reason for different results in different seal structures was considered to be different flow conditions near the magnetic fluid. Therefore fluid dynamics near the magnetic fluid in the pump were analyzed using the CFD soft ware (CFX version 11.0, ANSYS).
The axial flow pump shown in Figure 1 was used for CFD analysis. Two analysis models were used ( Figure 3) ; one was the pump with the Seal A and the other one was the pump with the Seal B. Conditions of the analysis were as follows: rotational speed of the impeller: 8000 rpm, differential pressure across the pump: 100 to 105 mmHg, and flow rate: 5 L/min. The working fluid was simulated blood having a density of 1060 kg/m 3 and a viscosity of 3.6 10 -3 Pas. The pump model was divided into three parts, an inlet portion, an impeller portion and an outlet portion. The impeller portion was assumed to rotate and the frozen rotor method was used in the computation. 
